The Hudson Shelf Valley (HSV) is the largest physiographic feature on the U.S. mid-Atlantic continental shelf. The 150-km long valley is the submerged extension of the ancestral Hudson River Valley that connects to the Hudson Canyon. Unlike other incised valleys on the mid-Atlantic shelf, it has not been infilled with sediment during the Holocene. Analyses of multibeam bathymetry, acoustic backscatter intensity, and high-resolution seismic reflection profiles reveal morphologic and stratigraphic evidence for a catastrophic meltwater flood event that formed the modern HSV. The valley and its distal deposits record a discrete flood event that carved 15-m high banks, formed a 120-km 2 field of 3-to 6-m high bedforms, and deposited a subaqueous delta on the outer shelf. The HSV is inferred to have been carved initially by precipitation and meltwater runoff during the advance of the Laurentide Ice Sheet, and later by the drainage of early proglacial lakes through stable spillways. A flood resulting from the failure of the terminal moraine dam at the Narrows between Staten Island and Long Island, New York, allowed glacial lakes in the Hudson and Ontario basins to drain across the continental shelf. Water level changes in the Hudson River basin associated with the catastrophic drainage of glacial lakes Iroquois, Vermont, and Albany around 11,450 14 C year BP (∼ 13,350 cal BP) may have precipitated dam failure at the Narrows. This 3200 km 3 discharge of freshwater entered the North Atlantic proximal to the Gulf Stream and may have affected thermohaline circulation at the onset of the Intra-Allerød Cold Period. Based on bedform characteristics and fluvial morphology in the HSV, the maximum freshwater flux during the flood event is estimated to be ∼ 0.46 Sv for a duration of ∼80 days. Published by Elsevier B.V.
Introduction
The Hudson River is recognized as playing a significant role in the delivery of freshwater to the North Atlantic during the last deglaciation (Donnelly et al., 2005) . Changes in Laurentide Ice Sheet (LIS) meltwater routing between the Mississippi River and eastern outlets (the Hudson and St. Lawrence Rivers) influenced the vigor of Atlantic thermohaline circulation and thereby impacted climate (Broecker et al., 1989; Clark et al., 2001) . During deglaciation, the routing of runoff from the retreating LIS in eastern North America was controlled by terminal moraines and the position of ice lobes that caused fresh water to be routed into specific drainage basins (Licciardi et al., 1999) , where it was often stored temporarily in proglacial lakes. The catastrophic draining of these glacial lakes into the North Atlantic has been proposed as an important influence on thermohaline circulation and climate change (Alley et al., 1997; Barber et al., 1999; Clark et al., 2001; Teller et al., 2002) . Modeling studies (Rahmstorf, 1995; Manabe and Stouffer, 1997; Fanning and Weaver, 1997; Ganopolski and Rahmstorf, 2001) further suggest that the location and magnitude of freshwater delivery are critical factors causing changes in North Atlantic thermohaline circulation.
The New York-New Jersey portion of the Atlantic continental shelf has a long history of study that has influenced present understanding of sea-level change and coastal evolution. Most studies have interpreted the depositional and erosional features on this shelf sector in the context of processes acting during and after the Late Wisconsinan lowstand of sea level. Veatch and Smith (1939) proposed that low scarps present on the shelf were paleo-shorelines, and named them the Nicholls (∼−120 m), Franklin (− 110 m), and Fortune (− 50 m) shores. Knebel and Spiker (1977) termed a portion of the Fortune shoreline the Tiger scarp. Dillon and Oldale (1978) assigned ages of 15,000 and 13,000 14 C year BP to the Nicholls and Franklin shores, based primarily on their relationship to regional sea level during postglacial sea-level rise (Emery and Garrison, 1967; Milliman and Emery, 1968) .
Sediment wedges on the continental shelf off southern New York and New Jersey (the outer shelf wedge and the mid-shelf wedge, Fig. 1 ) have been interpreted as resulting from deposition during the last deglaciation (Ewing et al., 1963; Milliman et al., 1990) , and more recently have been reinterpreted to represent deposition from catastrophic failure of glacial lakes (Uchupi et al., 2001; Donnelly et al., 2005) .
In this paper, multibeam bathymetry and seismic data are used to understand the evolutionary history of this . Low acoustic backscatter (blue tones) corresponds to fine-grained sediment (generally finer than medium sand), high acoustic backscatter (yellow/orange/red tones) corresponds to coarse sediment and rough-textured surfaces including rocky outcrops. Geographic divisions shown by yellow lines. Also shown are locations of seismic and depth profiles and enlarged area in Fig. 9 (box). Abbreviations and background bathymetry data follow Fig. 1 . complex fluvial/shelf system. Results yield insight into the Late Wisconsinan drainage history of glacial lakes in this region that bears on the processes that imparted the present form of the Hudson Shelf Valley. Results also provide physical evidence for episodic freshwater delivery from the Hudson River to the Atlantic Ocean. 
Study area
The 150-km-long Hudson Shelf Valley (HSV) is the largest physiographic feature on the mid-Atlantic continental shelf (Fig. 1) . The HSV is the submerged seaward extension of the Hudson River drainage system that connects the Hudson River to the Hudson Canyon. Unlike other valleys on the mid-Atlantic shelf such as the Delaware (Swift et al., 1980) and Susquehanna (Twichell et al., 1977) , however, much of the HSV has not been filled with sediment. The valley begins in a broad, shallow basin (Christiansen Basin) and extends offshore 5-40 m below the surrounding shelf surface to a seaward terminus at a shelf-edge delta near the head of Hudson Canyon (Ewing et al., 1963; Emery and Uchupi, 1972) .
The ancestral Hudson River is generally thought to have had a long history that began in the Late Cretaceous. Uplift and tilting of the margin, resulting in landward erosion and seaward growth, continued into the Tertiary (Thompson, 1936; Soren, 1971) . The Hudson River was repeatedly downcut into Cretaceous coastal-plain strata during periods of Pleistocene marine regression (Suter et al., 1949; Knebel et al., 1979) . Scouring of the lower Hudson River during the last glaciation formed a fiord in the region north of New York City (Newman et al., 1969) .
More recent fluvial downcutting was amplified by drainage of late Wisconsinan glacial lakes (Newman et al., 1969) , culminating in the failure of the terminal moraine dam at the Narrows, which is a break in the Harbor Hill moraine (Fig. 1) between Staten Island and Long Island, New York. Borehole data across the Narrows suggest that more than 100 m of Pleistocene and Cretaceous sedimentary material was eroded as a result of this breaching event (Fluhr, 1962; Newman et al., 1969) . Uchupi et al. (2001) proposed that deposition of sediment lobes on the continental shelf ( Fig. 1) and erosion of the HSV were a consequence of this catastrophic drainage. 
Methods
Surveys of the HSV were conducted using multibeam swath bathymetry and highresolution seismic profiling systems (Figs. 2 and 3) . A Simrad Subsea EM 1000 Multibeam Echo Sounder (95 kHz) was used to acquire bathymetry and backscatter intensity data. This system utilizes 60 electronically aimed beams spaced at intervals of 2.5°that insonify a strip of sea floor as much as 7.5 times the water depth (swath width of 100-400 m within the survey area). The horizontal resolution of the beam on the sea floor is approximately 10% of the water depth (3-50 m in the survey area). Vertical resolution is approximately 1% of the water depth (0.3-5 m in the survey area). The bathymetric soundings were corrected for tidal elevation and are reported relative to mean sea level.
Seismic reflection data were acquired using a Datasonics 2-7 kHz swept FM (CHIRP) subbottom profiler, and a 300-to 3000-Hz boomer subbottom profiler. The CHIRP subbottom data were acquired at a 250-ms fire interval, 250-ms sweep, and 0.244-ms sample interval. The boomer data were acquired at a 0.5-s fire interval, 200-ms recording interval, and a 0.062-or 0.125-ms sample interval. Ship position was determined using differential GPS. The CHIRP towfish was navigated relative to the ship using an acoustic-ranging system. The seismic data were logged digitally and processed with Promax seismic processing software. An automatic gain control was applied to the CHIRP data with a 10-ms window. The boomer data were processed Fig. 6. Uninterpreted (upper) and interpreted (lower) seismic reflection (CHIRP) profile across the upper Hudson Shelf Valley (HSV) showing clinoforms within two of the channel-fill units (CFU5 and CFU6) that can be mapped regionally in this area. Unit U4 is mappable in the upper and middle HSV as a massive deposit capping the channel-fill units. U1 is a thin deposit of modern sewage sludge resulting from offshore disposal. Gas in CFU5 and U1 produces acoustic blanking. See Fig. 2 for location (after Schwab et al., 2003) .
by applying a zero-phase Butterworth band-pass filter (325-2400 Hz) followed by a time-varying gain.
Results

Seismic-stratigraphic framework
The deepest seismic-stratigraphic unit resolved in the seismic reflection data is interpreted to be composed of Upper Cretaceous to Lower Tertiary, semi-lithified, coastal-plain strata (Williams, 1976; Schwab et al., 1997a,b; 2000 . These strata are recognizable on seismic profiles as a series of conformable bedding-plane reflections with high-amplitude returns with a low angle (∼1°), monoclinal, southeastward dip. The coastal-plain strata crop out on the sea floor at the head of the HSVand to the west off New Jersey (Williams and Duane, 1974; Williams, 1976; Schwab et al., 1997a,b) . Where buried, the coastal-plain strata are truncated by the coastal-plain unconformity, a regional angular unconformity that has been identified throughout the U.S. Atlantic margin (Poag, 1978) . This unconformity separates the late Cretaceous to Tertiary coastal-plain strata from overlying Quaternary sediment .
Interpretation of seismic reflection data from Lower New York Bay (south of the Narrows) to the head of the HSV in Christiansen Basin indicates that the Hudson River channel, which is now buried, was 2-4 km wide in this area (Fig. 4 ) and had thalweg depths reaching at least 45 m below present sea-level, using a nominal velocity of 1500 m/s (Fig. 5 ). The base of the fluvial deposits here are bounded by the coastal-plain strata. In the seismic reflection profiles, the surface of the coastalplain strata is characterized by abundant diffractions, indicative of a very rough surface, with small-scale relief of 1-2 m. There are also two prominent channels cut into the seafloor of Raritan Bay (Fig. 4) . The largest is the meandering valley of the paleo-Raritan River (Gaswirth et al., 2002) . At least one other channel appears to originate on Staten Island, at the base of the Harbor Hill terminal moraine. The quality of the seismic profiles in Lower New York Bay and Raritan Bay is strongly affected by the presence of gas in the sediments, as well as human activities such as dredging and dumping that have taken place over the past few hundred years. Thus, details of the internal stratigraphy of the fluvial deposits are not well resolved because they are obscured by gas, have been physically removed by dredging, or have been covered by dumped material that either traps gas or otherwise attenuates the seismic signal. At the head of the HSV, seismic profiles show at least three (possibly four) cut-and-fill sequences filling the base of the valley (two are illustrated in Fig. 6 ). These sequences suggest several episodes of channel cutting followed by partial channel filling. The sequences can be mapped as distinct channel-fill units (CFUs), informally designated as CFU5, CFU6, and CFU7 with increasing depth in section . An acoustically amorphous unit as much as 5 m thick (unit U4; Schwab et al., 2003) unconformably overlies the channel-fill units (Figs. 6 and 7) . This unit is present throughout the upper and middle HSV.
In the distal portion of the HSV, the seismic lines are less dense (Fig. 3) , and individual channel fill units described above cannot be correlated across the region.
These data show that the fluvial channels generally overlap each other and follow the course of the HSV to within 40 km of the head of Hudson Canyon where they bifurcate on the low-gradient outer shelf (Fig. 2) .
Bathymetry
Based on topography derived from multibeam bathymetric soundings , the HSV can be divided into upper, middle, lower and outer sections (see Fig. 2 ). The upper valley begins at about 30 m water depth in the Christiansen Basin and terminates at about 65 m water depth at the beginning of a series of semienclosed basins in the valley axis. This upper part of the valley is 25 km long, trends almost north-south, and the water depth deepens nearly linearly with an axial slope of about 0.08°.
The middle valley begins at about 65 m water depth and ends at nearly the same depth. At the beginning of the middle valley the orientation of the axis changes from southward to southeastward. The middle valley is about 5 km wide and is 20-40 m deeper than the adjacent shelf. The most prominent feature of the middle valley is its well-defined, linear northeastern edge ( Fig. 8) with up to 30 m of relief locally and which extends for nearly 30 km along the valley (Fig. 2) .
The lower valley starts in 65-70 m water depth and ends in 75-80 m water depth where it cuts through the seaward edge (Fortune/Tiger shore) of the mid-shelf wedge (Fig. 2) . The lower valley is 10 km or more wide and has a poorly defined axis that is 15-25 m deeper than the adjacent shelf. A relatively steep slope (10-20°) with up to 15 m of relief runs along the northeastern side of the lower valley (Fig. 9 ). An elongate field of large bedforms covers an area approximately 30 km long and 4 km wide along the southwestern side of the valley (Fig. 9) . A series of semi-circular depressions 4-5 m deep and a few hundred meters across are contained in a basin enclosed by the 76-m isobath along the southwestern edge of the bedform field; the deepest water depth (89 m) in the lower valley occurs in these depressions. The outer valley extends eastward from the lower valley and ends at the head of the Hudson Canyon. A series of elongate topographic highs trending eastnortheast separate the outer valley from the head of Hudson Canyon (Figs. 2 and 3) . The ridges define a roughly triangular area, ∼20 km on a side, just landward of the canyon head. The crests of these topographic highs are 8-10 m above the adjacent seafloor.
Bedform field
A prominent feature of the lower HSV is an elongate field of large bedforms about 30 km long and 4 km wide (Fig. 9) . The bedforms have a height of 3-6 m and wavelength of 150-300 m, with crests oriented orthogonal to the valley axis. Individual bedform crests can be traced up to 3 km across the valley. The bedforms may be either asymmetrical or symmetrical in crosssection. In plan view, they have a 2-D to 3-D dune morphology (Ashley, 1990) . The bedforms appear to be confined within low levees (Fig. 10) and do not extend across the entire width of the valley.
High-resolution CHIRP subbottom data from the bedform field (Figs. 10 and 11) indicate that the bedforms are part of a discrete sedimentary unit that unconformably overlies the channel-fill units in the lower valley (Fig. 10 , A-A′, B-B′, C-C′). Bedforms also extend farther across the valley than any individual channel-fill unit. The bedforms unit averages 2-3 m thick, with maximum thicknesses less than 5 m. At the seaward terminus of the bedform field, the unit thins (Fig. 10 , C-C′) and is not resolved in the seismic data. Levees bounding the bedforms can be traced down the valley, where the unit containing the bedforms thickens again and levees bounding a shallow topographic channel are visible (Fig. 10, D-D′) .
In seismic cross-sections, bedforms have two distinct morphologies and internal structures (Fig. 11) . The topographic low along the southern side of the valley is a location where channel-fill occurs in the shallow sub-surface. In this region, the bedforms are often asymmetric with the steeper side facing up-valley (Fig. 11, E-E′) . The bedforms have a depositional upper layer that is up to a meter thick, but they have a core that is composed of the underlying channel-fill unit (Fig. 11, E-E′) . Thus, it appears that the bedforms on the southwestern-most side of the valley were initially erosional in nature; troughs were likely formed by scour into the underlying channel-fill. In places, erosional downcutting appears to have removed nearly 5 m of sediment. Above the scour surface, the bedforms become depositional.
Outside of the topographic low, the bedforms are nearly symmetrical and have visible internal reflections (Fig. 11,  F-F′) . The lowermost reflections generally follow what appears to be a wavy erosional surface. Upper reflections dip up-valley on the up-valley side of the bedform. These internal structures suggest that the bedforms may be antidunes (Allen, 1982; Alexander et al., 2001) .
Discussion
Geophysical data presented in this paper provide new insight into the processes that formed the present Hudson Shelf Valley. The HSV is interpreted to have been carved initially by precipitation and meltwater runoff during the Wisconsin glaciation, along with drainage of early glacial lakes. A later flood resulting from the failure of the Harbor Hill terminal moraine dam at the Narrows between Staten Island and Long Island allowed glacial Lake Hudson (the lake initially impounded by the Harbor Hill moraine) to drain across the continental shelf through the existing valley. Available data on the timing of the drainage of Lake Hudson and other lakes constrain the timing of the flood event.
Glacial drainage and timing of the meltwater flood
The initial formation of the present HSV was likely due to fluvial incision during the advance of the LIS to its terminal position. Variations in precipitation, runoff from the ice sheet, and diversion of rivers (e.g., the Raritan River; Stanford, 1993) by the advancing ice probably contributed to multiple channel cut-and-fill complexes (CFUs 5-7) imaged beneath and adjacent to the HSV along its length (Figs. 6 and 10) . The fluvial systems mapped in the HSV may also represent retrenchment in the position of an older channel, but because the mapped channels are eroded into Cretaceous sediments , any earlier stratigraphic record has been removed.
Once the ice sheet began retreating from its maximum Wisconsinan position, early glacial lakes Bayonne and Hackensack drained through spillways in the terminal moraine at Perth Amboy and Richmond Valley (Stanford and Harper, 1991) . Channels at the bases of these spillways exist in lower New York and Raritan Bays (Fig. 4) and extend eastward to the head of the HSV. As the ice continued its northward retreat, Hell Gate in the East River was deglaciated, which initiated Hudson River basin drainage into the Long Island Sound lowlands (Lake Connecticut) and also provided a secondary outlet for Lake Hackensack (Stanford and Harper, 1991) . Subsequent drainage of lakes in the Hudson River basin (Lakes Hudson, Albany and Vermont), as well as Lake Iroquois drainage through the Mohawk Valley outlet between the Lake Ontario basin and the Hudson River valley (Muller and Prest, 1985; Pair and Rodrigues, 1993) , were also routed through Hell Gate. According to Ridge (1997) , this routing persisted until after 12,000 14 C year BP. This drainage routing is probably responsible for the formation of Block Channel on the continental shelf southeast of Long Island ( Fig. 1; Uchupi et al., 2001 ).
Reconstructed drainage routing history (Stanford and Harper, 1991) suggests that no meltwater exited the Hudson River southward across the New York-New Jersey shelf until the breach at the Narrows took place. Weiss (1974) reported that the onset of marine conditions north of the Narrows occurred by 10,280 ± 270 14 C year BP (11, 422, 12, 558, 12, 474 cal BP) . More recently, Donnelly et al. (2005) found that estuarine silt overlying glacial lake sediments in the lower Hudson River has an age of 10,350 ± 65 14 C year BP (12, 959, 12, 083, 12, 502 cal BP) . Thus, dam failure at the Narrows and associated flood event must have occurred between ∼ 12,000-10,300 14 C year BP. Water level changes in the Hudson basin associated with the drainage routing of glacial lakes Iroquois, Vermont, and Albany between ∼11,300 and 10,900 14 C year BP (Licciardi et al., 1999; Clark et al., 2001; Rayburn et al., 2005) may have precipitated dam failure at the Narrows. The most likely time interval for breaching of the moraine dam at the Narrows is between 12,300 14 C year BP (Ridge, 1997; Licciardi et al., 1999) and the initiation of the Champlain Sea at about 11,100 14 C year BP (Rodrigues, 1988; Ridge et al., 1999; Richard and Occhietti, 2005) . Recently, Donnelly et al. (2005) suggested an age of ∼ 11,450 14 C year BP (∼13,350 cal BP) for the flood event.
Dam failure at the Narrows is inferred to have been catastrophic for several reasons: (1) reconstructed water planes of Lakes Hudson and Albany project to the terminal moraine at least 21 m below its crest (Stanford and Harper, 1991) ; (2) borehole data at the Narrows suggest that more than 100 m of Pleistocene and Cretaceous sediments, along with most of the previously deposited lacustrine sediment, was eroded as a result of this breaching event (Fluhr, 1962; Newman et al., 1969) ; and (3) as described above, the Hudson channelfill immediately downstream from the Narrows is characterized by a rough basal surface and a massive, poorly defined internal structure. These observations are consistent with intense erosion followed by rapid emplacement of sediment, supporting a swift rise in water level in Lake Hudson that overtopped the moraine and caused catastrophic dam failure.
Shelf valley and bedform formation
The early, outburst-flood phase of the flood event immediately following dam failure at the Narrows was probably characterized by a high-volume, non-cohesive sediment gravity flow (Middleton and Hampton, 1976) down the HSV and across the outer continental shelf. This event may be responsible for the formation of sediment lobes on the mid-shelf (Uchupi et al., 2001; Donnelly et al., 2005) . The roughly triangular area of topographic ridges near the head of the Hudson Canyon (see Figs. 2 and 12 ) may be a subaqueous delta also resulting from this early phase. Later phases of the flood event presumably eroded this deposit into its present ridged form.
Deposition of the sediment gravity flow was probably followed by a water-flood phase caused by continued lake drainage, during which we infer that the large bedforms developed within the lower valley. Levees within the lower and outer valley clearly suggest several phases of flow. The later phases appear to have migrated progressively southward, as suggested by the series of levees. Down-valley from the bedform field, and contained within the same levee system, deposits form a veneer on the outer valley surface, which in turn are cut by a shallow topographic channel with bounding levees (Fig. 10, D-D′) . The morphology of the lower HSV (Fig. 12) is thus characterized by banks and levees, rather than a braided and anastomosed morphology as suggested by Uchupi et al. (2001) .
If the surficial bedforms in the lower valley are antidunes, this suggests supercritical flows (Froude number ≥ 1) during one or more flood events; the bedforms would have formed in the presence of a free water surface that was characterized by wave breaking (hydraulic jumps) (Allen, 1982; Alexander et al., 2001) . The asymmetric bedforms cored by channel-fill deposits appear to be predominantly erosional in nature. They are inferred to have formed by erosion of the bedform trough into the underlying channel-fill deposits. The bedform asymmetry may be attributed to increased resistance of the channel-fill to erosion (Reineck and Singh, 1980) . The erosive nature, combined with the variability in bedform height and wavelength within the topographic low, is also suggestive of a "chutes and pools" morphology (Figs. 9 and 11, E-E′) that is characteristic of supercritical flows (Allen, 1982) .
The form and internal stratigraphy of the bedforms is consistent with that observed in laboratory studies of supercritical flows (Middleton, 1965; Alexander et al., 2001) . Kennedy (1963) found that the minimum wavelength (L) of antidunes is related to flow velocity as
where U is the flow velocity and g is the acceleration due to gravity. The bedforms in the lower HSV have a minimum wavelength of 150 m, which indicates flow velocities of about 15 m s − 1 . Important questions in resolving the environmental setting of the bedform field as well as the inferred outer shelf delta are the water depth and whether these features formed in a marine, estuarine, or fluvial environment. Using an approximation by Allen (1968) (Donnelly et al., 2005) , regional and global sea-level data (Milliman and Emery, 1968; Dillon and Oldale, 1978; Fairbanks, 1989) suggest that sea-level stood at about 75 m below present at that time. The transition from fluvial-dominated erosional morphology (bedforms, steep banks) in the lower valley to subaqueous marine depositional morphology (delta) in the outer valley also occurs at about 75 m. Our paleo-environmental interpretation is that the flood event probably discharged into an estuarine and shallow marine system that formed as sea-level rose and inundated the lower HSV.
A significant aspect of the bedforms and associated morphologies in the lower valley is their apparently pristine preservation. The morphology of the bedforms, for example, does not appear to have been altered by later reworking. Similarly, the steep northeastern bank of the lower valley has not been degraded. This excellent preservation is attributed in part to their initial formation in a water depth of ∼ 10-15 m, and in part to rapid sequestration below the depth of active marine (wave) reworking by the rapid global sea-level rise characteristic of the late Pleistocene (Fairbanks, 1989; Bard et al., 1996; Liu et al., 2004) . This period of rapid sea-level rise effectively drowned the bedforms before they could be extensively reworked or destroyed.
The acoustically amorphous unit U4 (Figs. 6 and 7) is widespread throughout the upper and middle HSV, covering an area of about 250 km 2 . This ∼ 5-m-thick unit thins in the distal portion of the lower valley and terminates just up-valley from the bedform field. The massive internal character suggests rapid emplacement.
It is possible that unit U4 represents a post-flood debris flow, but there are presently no data to confirm this speculation.
Freshwater flux and possible climatic response
Recent estimates of the volume of catastrophic glacial lake drainage (Rayburn et al., 2005; Donnelly et al., 2005) in the glacial lake Iroquois, Vermont, and Albany system can be used to assess the potential flux of freshwater down the Hudson River during the flood event. Rayburn et al. (2005) suggest a total discharge of 3200 ± 480 km 3 during three nearly contemporaneous events: (a) Lake Iroquois' drop from the Main to the Frontenac level (570 ± 85 km 3 discharged through the Mohawk outlet); (b) Lake Vermont's drop from the Coveville to the Upper Fort Ann level (130 ± 20 km 3 discharged through the Fort Ann outlet); and (c) the Lake Iroquois/Vermont drop from the Upper Fort Ann to the Lower Fort Ann level (2500 ± 375 km 3 discharged through the Fort Ann outlet). Using the volume estimates given above and the cross-sectional area of the HSV in the bedform field, the freshwater flux during the flood event is estimated to be ∼0.46 Sv for a duration of ∼80 days. This flux exceeds the threshold suggested by modeling studies (Ganopolski and Rahmstorf, 2001) to have an effect on thermohaline circulation. This is a maximum estimate, however, that assumes the entire 3200 km 3 of fresh water passed across the bedform field, which was probably not the case (Uchupi et al., 2001; Donnelly et al., 2005) .
Using existing and new data from the Hudson River basin, Donnelly et al. (2005) were able to constrain the timing of this flood event to 11,450 14 C year BP (∼13,350 cal BP). They suggest that this release of meltwater may have triggered the Intra-Allerød Cold Period (IACP) by inhibiting thermohaline circulation. The data from the HSV presented in this paper indicate that there is physical evidence of this addition of freshwater to the western North Atlantic.
Conclusions
The present Hudson Shelf Valley (HSV) was likely carved initially by fluvial processes during the advance of the Laurentide Ice Sheet, and subsequently by drainage of early glacial lakes in the Lake Ontario and Hudson River basins. The catastrophic failure of the terminal moraine at the Narrows (between Staten and Long Islands, New York) allowed post-Last Glacial Maximum glacial lakes to drain across the continental shelf. This flood event imparted to the Valley its modern form, including banks, levees, and a large field of subaqueous bedforms.
The timing of the flood event can be constrained between 12,000 and 10,300 14 C year BP, corresponding to a series of catastrophic floods and lake-level changes in upstream lakes Iroquois, Albany, and Vermont that affected freshwater flux down the Hudson River. Available data on the specific timing of the flood event suggest an age of ∼ 11,450 14 C year BP (∼13,350 cal BP). The freshwater flux during the flood event may have been a trigger for the Intra-Allerød Cold Period.
